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The reorientations of the large-scale circulation (LSC) in turbulent Rayleigh - Be´nard convective
flow in a cubic cell are considered in frame of a new approach, which instead of a single-roll de-
scription introduces a superposition of a pair of large-scale orthogonal two-dimensional rolls. The
reorientation of LSC is considered as a result of cessation of one of the 2D rolls. The proposed
approach is in good agreement with results of water experiments (Prandtl number Pr = 6.4 and
Rayleigh number Ra = 2× 109) and results of numerical simulations for Pr = 0.7, Ra = 108. Anal-
ysis of integral characteristics revealed that two-dimensional flows accumulate most of the kinetic
energy of the flows in the cubic cell. In long term numerical simulations, it was shown that the
energy of rotational motion around vertical axis (averaged over vertical coordinate) is negligible. A
simple model of the large-scale flows in cubic cell is introduced. Analysis of lowest spatial modes
of the model flow and of the flow in numerical simulations was done using Fourier decomposition.
It showed that the symmetry of the sign changes of the corresponding Fourier modes agrees with
the proposed mechanism. An increase of intensity of one of large-scale planar rolls is accompanied
by a decrease of intensity of the other one. It can be explained by an existence of the non-linear
link between them. According to proposed model, the periodic temperature oscillations in orthog-
onal direction to the LSC plane and periodic oscillations of orientation of LSC appear as result of
oscillations of lowest spatial modes.
PACS numbers: Valid PACS appear here
I. INTRODUCTION
Thermal convection in closed volumes of different
shapes has many interesting features including variety
of patterns and complex temporal dynamics. One of the
most interesting phenomenon is a formation of large-scale
circulation (LSC) known also as a mean wind in turbu-
lent convection.
Sreenivasan et al. [1], Brown and Ahlers [2], Xi and
Xia [3] and Mishra et al. [4] performed experiments
and numerical simulations on thermal convection at high
Rayleigh number in cylindrical geometry and observed
that the vertical velocity near the lateral wall switches
sign randomly. This phenomena is called flow reversal.
Researchers argue that the flow reversals in a cylinder
occur due to two reasons—(a) rotation-led reversal: az-
imuthal reorientation of the large-scale circulation; and
(b) cessation-led reversal: here the largest roll disappears
temporarily during the reversal, when two secondary rolls
become significant. The primary roll reappears in a new
direction which is not correlated to the earlier roll direc-
tion. Long-time experimental realisations showed that
the azimuthal motion consists of erratic fluctuations and
a time-periodic oscillation. The orientation of the wind
is found to have a preferred direction for the most of the
time with all other orientations appearing as transient
states [5].
There are only few studies of LSC dynamics in a
cube. At moderate values of Rayleigh number (up to
∗ san@icmm.ru
Ra = 1.58 × 107) Gallet et al. [6] showed that the
dominant orientation of LSC is perpendicular to one
of the sidewalls. After Ra exceeds some critical value
Ra ' 4.3 × 106 reorientations in which LSC changes its
direction by ±90◦ were observed. It was proposed that
the change of orientation is a result of competition of two
perpendicular large-scale rolls. Valencia et al. [7] showed
in experimental and numerical study that in the range
3× 107 < Ra < 108, the LSC is a single roll with a pre-
dominant diagonal orientation. On the basis of their nu-
merical simulation, they also claimed that LSC changes
its orientation by rotation of a single roll around the ver-
tical axis. At higher Rayleigh number Ra = 5× 108, the
dominant LSC orientation is along one of the diagonals
[8]. Reversals of LSC along one of the diagonals and its
reorientation to the other diagonal were mentioned by
Liu and Ecke [9]. Detailed study of turbulent convection
in a cubic cell by Vasiliev et al. [10] showed that LSC
switches from one to the other diagonal randomly. Bai
et al. [11] and Foroozani et al. [12] observed similar dy-
namics of LSC in experiment and numerical simulations.
Up to now the main explanation for the switching of
the LSC from one diagonal to another is its azimuthal
rotation [11, 12]. The main difference between the az-
imuthal rotation of LSC in a cube and that in a cylinder
is a strong tendency for changing orientation of LSC by
±90◦ in cubic containers. The physical background of az-
imuthal rotation of LSC orientation is unclear. There is
no direct evidence of existence of azimuthal flows during
reorientations of LSC from PIV measurements or numer-
ical simulations in a cylinder or in a cube. Indeed there is
no evident source that might provide spontaneous large-
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2scale azimuthal flow which can change LSC orientation.
A search for a physically consistent interpretation of ob-
served reorientations of LSC in a cube is the main goal
of presented paper.
The paper is organized as follows. In Section II, we
describe new experimental results on LSC in a cube and
formulate a new mechanism for LSC reorientations. In
Section III, we present numerical results and introduce a
model flow that illustrate and support our leading idea.
We discuss outcome of the paper in Section IV.
II. REORIENTATIONS IN EXPERIMENTAL
DATA
This study has been motivated by an analysis of LSC
reversals observed in turbulent Rayleigh–Be´nard convec-
tion in a cubic cell [10]. We restarted experiments on
LSC dynamics using the same setup, namely a cubic
cell with the edge length L = 250 mm filled with dis-
tilled water. Vertical sides were made of plexiglas of 25
mm thickness. Copper heat exchangers were used as top
and bottom cube faces. Temperatures of heat exchang-
ers were controlled by embedded thermocouples and were
kept constant with accuracy 0.1 ◦C. Detailed description
of the experimental setup and measurement system can
be found in [10].
Analyses of temperature distribution in a horizontal
cross-section is a commonly used approach to identify
the orientation of the large-scale circulation in the con-
vective cell [3, 6, 8, 10, 11, 13]. In current experiments the
temperature was measured using four differential copper-
constantan thermocouples located in the middle horizon-
tal cross-section. The distance from each thermojunction
to the nearest side wall was 21 mm. This set of thermo-
couples allowed us to measure characteristic large-scale
temperature differences along each diagonal ( δT3 and
δT4) and along each horizontal coordinate axis (δT1 and
δT2). Time series of these temperature differences are
presented in Fig. 1. The amplitude and the sign of δT3
and δT4 clearly show that LSC changes its orientation
from one diagonal to the other twice at t ≈ 6.5h and at
t ≈ 9.1h. The crucial point is the dynamics of δT1 and
δT2. If we consider LSC as the first azimuthal Fourier
mode (dipolar mode) as in [11, 12], the reorientation of
LSC would lead to simultaneous variation of both δT1
and δT2. The example presented in Fig. 1 shows that δT1
changes its amplitude and sign twice, while δT2 oscillates
near the same mean value. This independent behaviour
of δT1 and δT2 contradicts the view on reorientation as a
rotation of a single-roll LSC. This observation has moti-
vated us to seek an alternative plausible scenario of LSC
reorientations.
We suggest to consider the diagonal LSC as a result of
two planar LSCs (PLSC) in vertical orthogonal planes,
xOz and yOz (see Fig. 2). If the PLSC in the xOz plane
changes its direction (reverses), as show in Fig. 2(a,d),
while the PLSC in the yOz plane keeps its direction
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FIG. 1. Temporal evolution of temperature differences be-
tween opposite side walls (a) and across diagonals (b) in the
experiment. Positions of thermocouples from top view are
shown on the right panels.
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FIG. 2. Schematic diagram depicting two PLSCs and result-
ing diagonal LSC with different orientation. If one PLSC
switches sign (from (a) to (d)) then LSC changes its orienta-
tion from one diagonal to the other one from ((c) to (f)).
(Fig. 2(b,e)), then the diagonal LSC switches to the other
diagonal (Fig. 2(c,f)). Thus dynamics of these PLSCs de-
fines the orientation and intensity of LSC.
At the transition period of reorientation one PLSC
stops and reappears in the opposite or the same direc-
tion. So, it may happens that the direction of PLSC will
be the same as its original direction. New mechanism of
LSC reorientation can be interpreted as planar cessation-
led reversal that provides a consistent viewpoint on the
LSC dynamics. Obviously, the convective flows in a cube,
unlike 2D case, have essentially three-dimensional struc-
ture and require more complex analysis. However we
believe that the scenario of the flow reversals in a two-
dimensional square box [14, 15] may be applicable to the
reversals of PLSCs in the cube cavity. In the following
sections we will show that scenario of planar cessation-
led reversals are in a good agreement with the results of
experimental studies and numerical simulations.
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FIG. 3. (a) Temperature isosurfaces displaying rising hot
plumes (red) and falling cold plumes (blue); (b) xOz PLSC
with hot plumes rising along the right wall and cold plumes
falling along the left wall (c) similar yOz PLSC; (d) resulting
LSC at the diagonal. Numerical simulations for Ra = 108 and
Pr = 0.7.
III. REORIENTATIONS IN NUMERICAL
SIMULATION OF TURBULENT CONVECTION
IN A CUBE
Numerical simulations of turbulent Rayleigh-Be´nard
convection in a cubic cell was carried out using open-
source software OpenFOAM 4.0 [16]. The discretization
of three-dimensional Navier-Stokes equations for incom-
pressible flows in Boussinesq approximation is based on
the method of control volumes. The Large Eddy Simu-
lation (LES) approach is used for turbulence modelling,
namely the Smagorinsky-Lilly model with the Smagorin-
sky constant Cs = 0.14 and turbulent Prandtl number
Prt = 0.9. For the non-dimensionalization we have used
the cube edge L as the length scale, Uf =
√
βg∆TL
(free-fall velocity) as the velocity scale, and ∆T as the
temperature scale.
We employed the no-slip boundary condition for the
velocity field at all walls. Concerning thermal field, adia-
batic conditions are used for vertical walls and isothermal
conditions for horizontal plates. Gaussian finite volume
integration is used for computing the spatial derivatives,
and second order Crank-Nicolson scheme is used for the
time stepping. The Reynolds number Re for this run is
approximately 3000. We employed a constant δt = 10−3
for which the Courant number is less than 0.4, hence our
simulations are well resolved in time. The simulations
were performed for 24000 free-fall time units tf = L/Uf .
We perform simulation for Pr = 0.7 and Ra = 108.
The grid resolution of our simulation is 643 in a nonuni-
form mesh with a higher grid concentration near the
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FIG. 4. Temporal evolution of temperature differences be-
tween opposite sidewalls (a) and across diagonals (b) from
numerical simulation.
boundaries in order to resolve the boundary layer. The
general structure of the flow and temperature distribu-
tion is presented in Fig. 3(a) and shows good agreement
with results of numerical simulations by Foroozani et al.
[12]. The structure of the large-scale flow in three vertical
cross-sections is shown in Fig. 3(b,c,d) and corresponds
to the flow scheme presented in Fig. 2. Similar circulation
have been obtained by DNS in [17].
A. Analysis of local characteristics
In this section we analyse the diagonal LSC reorien-
tations in numerical simulations of convection in a cubic
cell. The analysis is based on local characteristics of tem-
perature and velocity.
Numerically obtained time series of temperature dif-
ferences along coordinate axis and diagonals in same lo-
cations as in experiment are presented in Fig. 4. Accord-
ing to our approach described in Section II δT1 and δT2
show PLSCs dynamics, and δT3 and δT4 show dynamics
of their superposition. Fig. 4 reveals a rich dynamics of
large-scale flow, characterized also by high level of fluc-
tuations. Let us make outline analyses of temperature
variations. At t ≈ 1000 amplitude of δT1 and δT2 de-
crease up to zero and then increase but with different
sign (positive) which means that both of PLSCs stopped
and begin to rotate again in the opposite direction. As a
result we observe reversal; here δT3 changes its sign. An-
other reversal occurs around t ≈ 7000. Near t ≈ 11500
δT2 changes its amplitude and sign while δT1 is more or
less stable in a similar way as it was observed in the ex-
periment. We consider this as change of direction of rota-
tion of one of the PLSCs which leads to the reorientation
of LSC from one diagonal to another. Next reorientation
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FIG. 5. Time series of the amplitude of the first azimuthal
Fourier mode M1, and its phase φ from numerical simulations.
happens at t ≈ 16000 but this time δT1 changes its sign
while δT2 fluctuates near mean value. Further, we see
more examples of independent behaviour of δT1 and δT2.
The key point is that both experimental measurements
and numerical simulations showed that values of δT1 and
δT2 can vary independently. It cannot be explained if we
consider LSC as a single roll because reorientation of LSC
would result in substantial variation of both δT1 and δT2.
In opposite, these results are consistent with the mecha-
nism in which the LSC is considered as a superposition
of two PLSCs.
To detect the LSC in RBC flows one widely uses the
lowest azimuthal Fourier mode of the temperature or ver-
tical velocity measured in a set of probes installed in one
horizontal cross-section [2, 3, 11–13]. We decompose the
vertical velocity vi(t) recordered in 16 points, correspond-
ing to locations of thermocouples in experiment and use
the amplitude M1 of the dipolar mode and its phase φ
to characterize the strength and the orientation of LSC.
Long time series of these quantities is shown in Fig. 5
and demonstrates that most of the time, M1 fluctuates
around a mean value. The jumps of the phase φ by 90◦
correspond to the reorientations of the diagonal roll. In
order to find the low-frequency variations of M1, we cal-
culate a moving average (thick black line) which shows
that aperiodic variations in M1 are not exceeding 10% of
its mean value. In general time series of M1 and φ look
very similar to the ones presented in [11, 12]. It proves
that specific properties of LSC dynamics such as reori-
entations are very robust and can be reproduced using
different experimental realizations and numerical simu-
lations.
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FIG. 6. Time series of total energy of the 3D flow (black line),
energies of averaged two-dimensional flows (red, blue, green)
and their sum (gray) in vicinity of two LSC reorientations
marked by vertical dashed lines.
B. Analysis of integral characteristics. Planar
flows.
For validation of the proposed approach which de-
scribes the LSC as a superposition of planar vortices,
we calculate three two-dimensional velocity fields by av-
eraging over the third coordinate
ux(y, z) =
∫ L
0
{uy(x, y, z), uz(x, y, z)}dx,
uy(x, z) =
∫ L
0
{ux(x, y, z), uz(x, y, z)}dy,
uz(x, y) =
∫ L
0
{ux(x, y, z), uy(x, y, z)}dz. (1)
The energy content of these planer flows is defined cor-
respondingly as Ex, Ey, and Ez,
Ei =
∫
S
|ui|2dsi, (2)
where i can be x, y or z. Note that the total energy
E =
∫
V
|u|2dV is larger than the sum Ex + Ey + Ez.
The procedure (1) reduces the three-dimensional struc-
ture of the flow to three two-dimensional structures. The
evolution of the energy of these planar structures is shown
in Fig. 6, where two time intervals of specific flow reorien-
tations at tR1 = 11050 and t
R
2 = 16490 are presented. We
employ a moving averaging over 45 time units to suppress
5FIG. 7. Spatial structure of two vertical PLSCs shown by streamlines and temperature (color) before (left), during (center)
and after (right) the reversal at the moment tR1 : u
x(y, z) (top row), uy(x, z) (bottom row).
contributions of turbulent pulsation and high frequency
oscillation. There are several remarkable points. Firstly,
most of the total energy of the 3D flow is accumulated
by two vertical PLSCs ux and uy which is in favour of
our approach. Secondly, the energy of horizontal motion
uz is negligible that excludes the reorientation as a kine-
matic rotation of LSC (if it is considered as a single roll).
At last we observe that total energy drops partly during
the cessation of one PLSC. The other PLSC is intensified
at this transition stage that reveals some non-linear link
between ux and uy.
Transitions of ux and uy in reorientation process at t =
tR1 are shown in Fig. 7. We see that at the beginning each
PLSC consists of one roll of largest possible scale placed
at the centre and two smaller rolls at opposite corners.
During the cessation, the dominant five rolls of about the
same scale, four in corners and one in the center, appear
in the flow. The described PLSC reversal is similar to
the scenario suggested for 2D problem [14, 15].
The linkage between two planar flows ux and uy is
characterized by kinetic helicity H = u · ∇ × u. Helic-
ity is a topological invariant of the flow [18] and can be
important in different physical situations. For example,
helicity may trigger a process of large scale vortex forma-
tion (tropical cyclones etc.) [19]. In the cube the total
value of H is close to zero as it should be since there is
no pseudoscalar in our problem. However local values of
H can reach significant level. Helicity is concentrated in
structures related to the corner rolls (see Fig. 8). Diag-
onal plane of LSC (x = y) separates rolls with opposite
signs of helicity. Ratio H/E for half of volume (x < y) is
about 2.7. Physical meaning of this ratio is a characteris-
tic wave number (which is inverse to scale) of corner rolls
with high values of helicity. We note that this mech-
anism of spatial helicity separation is a consequence of
the mirror symmetry breaking due to global rotation.
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FIG. 8. Isosurfaces of kinetic helicity of diagonal LSC flow
averaged over time interval from tR1 to t
R
2 . Two isosurfaces
correspond to ±1/2 of helicity maximum intensity. Arrows
show direction of LSC.
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FIG. 9. Spatial structure of model rolls (left) and its super-
position with Ay1 = 4 and A
y
4 = 1 (right). Color intensity of
streamlines depicts flow intensity.
C. Fourier analysis of lowest modes
The velocity field can be decomposed into Fourier
modes as
u(r, t) =
∑
k
uˆ(k, t) exp(i2pik · r). (3)
Non-periodic signals may yield spurious modes, but the
orthogonality relations and energy conservation are pre-
served in this decomposition.
Fourier analysis of numerical data shows that a small
number of large-scale Fourier modes contains most of the
energy. To perform comparison and theoretical analysis,
we introduce 2D model flow as a superposition of one
large scale roll with amplitude A1 and four smaller rolls
with amplitude A4. The stream function for such 2D flow
in the plane (x, z) is
ψy(x, z) = Ay1 sin
2(pix) sin2(piz)+Ay4 sin
3(2pix) sin3(2piz).
(4)
Then flow components are
Uyx =
∂ψy
∂z
, Uyz = −
∂ψy
∂x
. (5)
This flow is incompressible and satisfies the non-slip con-
dition at the solid boundaries. Streamlines for the two
components of the model flow are shown in Fig. 9. Model
rolls in a perpendicular plane Uy(y, z) can be described
analogically.
Fourier transform of model flow U = Ux + Uy gives
non zero modes Uˆ(kx, ky, kz) at five lowest wave vectors:
Uˆ(1, 0, 0) = (0, 0,−2ıAy1), (6)
Uˆ(0, 1, 0) = (0, 0,−2ıAx1), (7)
Uˆ(0, 0, 1) = (2ıAy1, 2ıA
x
1 , 0), (8)
Uˆ(1, 0, 1) = (−ıAy1 +
9
4
ıAy4, 0, ıA
y
1 −
9
4
ıAy4), (9)
Uˆ(0, 1, 1) = (0,−ıAx1 +
9
4
ıAx4 , ıA
x
1 −
9
4
ıAx4). (10)
Four roll components contribute also at wave vectors
(1, 0, 3), (3, 0, 3) and etc. but their energies are an order
   
◼ ◼
◼ ◼
▲ ▲
▲ ▲
10400 10600 10800 11000 11200 11400 11600 11800
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
t
10
3/2 I
m
(u )
 
 
◼ ◼
◼ ◼
▲ ▲ ▲ ▲
uz(100)  ux(101)
◼ uz(010) ▲ uy(011)
15800 16000 16200 16400 16600 16800 17000 17200
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
t
10
3/2 I
m
(u )
FIG. 10. Time evolution of lowest Fourier modes during two
selected reorientations of LSC.
of magnitude smaller than those of (1, 0, 1) and (0, 1, 1).
Hence, they can be ignored. One can see that Ux and
Uy do not mix in Fourier coefficients. Large single roll
A1 are superposed with four rolls A4 at k = (1, 0, 1) and
k = (0, 1, 1) only.
We compare the behaviour of Fourier modes of Eqs. (6-
10) with the Fourier modes of actual flow uˆ obtained from
the numerical simulation (see Fig. 10). We don’t show all
eight coefficients because uˆz(1, 0, 1) = −uˆx(1, 0, 1) due to
incompressibility condition and uˆx(0, 0, 1) ≈ −uˆz(1, 0, 0).
Symmetry of the sign changes of the corresponding
Fourier modes Uˆ and uˆ are in general agreement with
the proposed scenario. As noted earlier, during a cessa-
tion, an increase of intensity of the one PLSC is accompa-
nied by a decrease of intensity of the other PLSC (Fig. 6),
which is similar to the dynamics of corresponding Fourier
modes shown in Fig. 10. The permanent offset by four
rolls contribution (Ay4 and A
x
4) explain why uˆ(1, 0, 1) and
uˆ(0, 1, 1) do not cross zero at the reversals.
High amplitude oscillations of uˆ(1, 0, 0) and uˆ(0, 1, 0)
with pi phase shift have a period about 45 tf . These oscil-
lations lead to the oscillations of LSC orientation similar
to the ones presented in [12].
IV. DISCUSSION AND CONCLUSION
Spontaneous reorientations of LSC in turbulent RBC
in cubic cells were widely observed and discussed. How-
ever, the generally accepted a single diagonal roll ap-
proach [7, 11, 12], which assumes that LSC can rotate
7around the vertical axis as a coherent structure from
one diagonal orientation to another, possesses an intrin-
sic physical contradiction, because the rotation of LSC
requires a source of such motion and should be charac-
terized by appearance of azimuthal flows.
Presented paper describes an alternative view on com-
plex dynamics of LSC in a cubic cavity. In long term
numerical simulations it was shown that the energy of ro-
tational motion around vertical axis (averaged over ver-
tical coordinate) is of negligible amount. Also it was
noted that according to experimental observations [10]
LSC can be oriented at some angle to the diagonal for a
long time (several hours). This long-term declination of
diagonal LSC from its preferable orientation shows that
LSC can not be considered as a strictly diagonal sin-
gle roll. Another observation is that dynamics of local
temperature either in the experiment or in the numeri-
cal simulation can not be explained by reorientation of a
single roll LSC. The principal difference of our approach
is that we treat LSC as a superposition of two large-scale
two-dimensional orthogonal rolls, called planar LSC, or
PLSC. We show that the diagonal roll switches to the
other diagonal as a result of the PLSC cessation and re-
versal.
The proposed solution in a form of two-dimensional
rolls is not new for Rayleigh–Be´nard convection in a cube.
It is one of the possible stable states in laminar regimes
[20–22]. In case of turbulent convection Gallet et al. [6]
showed that for moderate Rayleigh numbers up to Ra =
1.58× 107 LSC is a single roll oriented perpendicular to
one of the sidewalls and its reorientation is a result of
competition of two perpendicular rolls. It means that
for this range of Ra large-scale rolls of two orientations
are possible but only one can survive. We assume that
further increase of Ra leads to the state when both rolls
coexist and form an observed diagonal LSC.
One of the key features of the presented study is usage
of Fourier decomposition for the analysis of the flow dy-
namics which makes it possible to separate spatial modes
of different scale. These analysis showed that four rolls
of smaller scale are quite stable, and they play an impor-
tant role in the complex dynamics of large-scale flows.
We observed that these rolls are characterised by high
values of helicity, and helical structures of different signs
are separated by the diagonal plane of LSC. Mechanism
of the spatial helicity separation based on the rotation
and shear is well known [23], but we found it for the first
time in thermal convection without global rotation.
Another important issue is the periodic oscillations in
the temperature signal measured in the orthogonal to the
LSC plane [10]. The nature of these oscillations remains
unclear. In our simulation, we observed that the inten-
sity of two PLSCs oscillates periodically with a pi phase
shift. As a result, when intensity of the one of the PLSCs
increases, the intensity of the other one decreases. Hence,
their superposition (LSC) varies quite weak. This is the
reason why oscillations along one of the diagonal are am-
plified and they are suppressed along the other diagonal.
We believe that the above phenomenon provides a link
between the adaptation of the temperature distribution
near the top and the bottom boundaries with the varia-
tion of the flow structure. This problem deserves special
attention in a future study.
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